Introduction

S
ince the 1960s, leaf proteins have been considered as an alternative source of protein.
1,2 Some leaf proteins, such as vegetables, are commonly used for food 3 and animal feed. 4 However, the wide application of leaf protein has so far been limited due to the low cost-efficiency of leaf protein production. 5 Recently, the cost-efficiency of leaf protein extraction was improved by redefining alkaline extraction conditions 6 and by process integration with pretreatments using Viscozyme® L and ethanol. 7, 8 With these improvements, leaf biorefining becomes economically feasible. However, the extraction process with NaOH is still not environmentally sustainable due to the generation of large quantities of sodium salts in the extraction and the subsequent acidic precipitation step. A suitable alternative extraction approach should be found to improve overall sustainability of alkaline protein extraction.
Other alkali sources can be used instead of NaOH. KOH has similar chemical characteristics and therefore a similar high protein yield can be expected. The potassium salts generated can be recycled or the residual salty water can be used as fertilizer. 9 The higher price of KOH compared to NaOH can be compensated by the value of the potassium fertilizer generated and by the reduction of wastewater management fees. Ideally, all the watery potassium residues are used directly as fertilizer on local fields. This approach reduces the need for additional K-fertilizer and reduces transportation costs. The chemical similarity of KOH will also allow for easy integration with pretreatments like Viscozyme® L-aided pectin extraction and weak-alkaline pectin extraction, which have already been cost-effectively integrated with protein extraction. 7, 8 Alternatively, leaf protein can be extracted using Ca(OH) 2 . The residual water with the calcium salts can be recycled on site. Calcium salts can be precipitated as CaCO 3 by bubbling CO 2 through the remaining liquid after protein extraction. This leads to reduced alkali use in protein production. No waste salts are generated and less acid is needed for further protein purification. 10 In addition, the Ca(OH) 2 protein extraction can benefit from the lower price of Ca(OH) 2 compared to KOH and NaOH.
However, Ca(OH) 2 extraction leads to relatively low protein yields. 11, 12 This low yield might be due to the low solubility of Ca(OH) 2 in water, 13 which results in a less alkaline solution compared to NaOH and KOH. Besides, calcium atoms contain two valence electrons through which calcium cations can function as bridges between different chelating molecules. 14, 15 This chelating effect of calcium cations is widely applied in the coagulation of polymers. 16, 17 In protein extraction, the calcium ions are hypothesized to cause coagulation of leaf components, including polyphenol, 18 pectin, 14 lignin, 19 and even protein. 19, 20 The latter case will reduce protein extraction yields. This work was intended to investigate the economic and environmental sustainability of these alkaline extraction scenarios. The focus was on leaf protein extraction with green tea residue (GTR) as model material. Protein extraction yields obtained by weak alkaline extraction with subsequent KOH extraction and Viscozyme-assisted extraction with Ca(OH) 2 were determined. Extraction using NaOH was considered as a control. The economics and environmental impacts of these two scenarios were analyzed for several integrated processes of pectin extraction with protein extraction. 7, 8 The scenario of Ca(OH) 2 protein extraction was further tested using microalgae to confirm the applicability of the proposed integrated process chains to other materials.
were grown in natural seawater in a turbidostat set-up and collected by self-cleaning disc separators (SSD 6-06-007, GEA Westfalia Separator, Germany). The dry matter of the microalgae sample was 11% with a protein content of 37% in dry weight. In this study, microalgae were used as controls.
Protein yields
In previous work the protein extraction yields were determined using NaOH as an alkali source. 6,7 Pretreatments using weak alkaline or Viscozyme ® were also included in those studies. For the current study, the protein extraction yields were determined using KOH and Ca(OH) 2 in a similar approach. 7 Protein yields were quantified via Dumas analysis and the results are presented in Fig. 1 Fig. 1 , extended extraction time with Ca(OH) 2 increased the GTR protein extraction yield, even without applying a pretreatment. For feedstocks without lignin, such as micro-algae, even higher protein yields are obtained. At long extraction times, the extraction yield with microalgae reached 75%. This relatively high protein yield obtained by Ca(OH) 2 extraction in the absence of lignin has also been shown for other nonlignin-containing biomass such as dehulled soy bean. 21, 22 With optimal heating and mixing, protein yield will not be affected by the scale of the process. 8 The protein extraction yields reported above were therefore used for the economic and environmental analysis.
Process descriptions
Production scale
The process evaluation was carried out for a processing scale of 5000 ton GTR per year. This represents a mediumto-large-scale tea lemonade factory. This 5000 ton GTR originates from processing 8375 ton tea leaves (personal communication with Damin Company). To process 5000 ton GTR within 300 days each year the processing capacity should be higher than 17 ton GTR per day. The processing capacity of the reactor for protein extraction is assumed to be about 2 ton GTR per batch, thus requiring three parallel reactors, which each process three batches per day. The calculations are based on continuous processing of the GTR. We assume that the chosen reactor design will allow for the same extraction yields as under laboratory conditions.
Reference: single-step NaOH protein extraction
The reference scenario is a single-step NaOH protein extraction. This reference process was designed based on previous work 6 and is shown in Fig. 2 . For each reactor, 2000 kg GTR is mixed with 6400 mol NaOH and 20 m water. The reaction is carried out at 95 °C for 3 h with regular mixing. The mixture is then separated into a solid and a liquid fraction by pressing. Energy efficiency has been a major focus point for the Chinese tea industry in the past year. 23 In our designs, therefore, the residues after protein extraction are sundried and combusted to generate heat. To apply protein concentrates in animal feed, an additional purification step using ultrafiltration is needed to remove sodium salts. The protein concentrates contain 880 kg GTR components, of which 460 kg are protein. 6 The process mass flows are listed in Table A1 of the Appendix.
Weak alkaline pretreatment with alkaline extraction (using NaOH or KOH)
The economic feasibility of an integrated process with weak alkaline pretreatment for pectin recovery (represented by the amount of galacturonic acid) extraction followed by NaOH protein extraction was already assessed previously. 7 Here, we take the process design a step further by including (1) further purification of the pectin fraction through ultrafiltration and (2) energy generation by combustion of the remaining solids. The integrated process design for NaOH and KOH is presented in Fig. 3 . Weak alkaline pretreatment is not feasible for Ca(OH) 2 as pectin precipitates with calcium ions at a pH close to neutral conditions. 8 In the process, 2000 kg GTR is mixed with recycled water from the ultrafiltration steps of both pectin and protein products. Then the pH of the mixture is adjusted to pH 9-10. Pretreatment for pectin extraction is carried out at 80 °C for 0.5 h while mixing. After pressing, the solid fraction is used for the alkaline protein extraction step using NaOH or KOH. The liquid fraction, which has a high pectin content, is purified by two ultrafiltration steps. The first ultrafiltration step is to concentrate pectin four times, by which 75% salt-containing water is removed. The permeate fraction obtained in this first ultrafiltration is recycled to the pretreatment. The pectin fraction is then further purified in the second ultrafiltration step in which 4.8 m 3 water is added, after which a pectin fraction is obtained and 4.8 m 3 salt-containing waste water is generated. The alkaline protein extraction is carried out at 95 °C for 3 h while mixing. This is followed by pressing, drying, and combustion of the solids (740 kg) similar to the reference scenario. The only difference is that the waste water from the protein ultrafiltration is recycled to the pretreatment. Integrated process design of weak alkaline pretreatment for pectin and alkaline protein extraction using NaOH or KOH. P: press; UF: ultra-filtration. In this integrated process, 690 kg of protein concentrate is formed, of which 400 kg is protein. The difference between the scenarios of NaOH and KOH is in the application of the salt-containing waste water. In the former sodium salts are formed, which can only be treated as waste. In the latter, potassium salts are formed. These can be used as fertilizer. The salty water can be transported back to the tea farms or applied at nearby other farms. Both scenarios avoid the use of conventional potassium fertilizer, but the first requires more transportation. The potential reduction in environmental impacts due to reuse of the potassium-rich waste water and avoiding conventional fertilizer was roughly estimated as follows. The amount of K-fertilizer potentially avoided was calculated from the amount of potassium present in the waste stream. This was multiplied with the environmental impacts associated with conventional potassium fertilizer. This is the maximum amount that can be avoided by substituting the conventional fertilizer with the potassium-rich waste water, and these impacts were deducted from the system impacts. The mass flows of this process are listed in Table A2 in the Appendix.
Viscozyme
® L pretreatment with alkaline extraction (using NaOH or Ca(OH) 2 
)
Combining Viscozyme ® L pretreatment of GTR to obtain pectin with NaOH protein extraction leads to lower costs and slightly higher revenues. 7 In this work, we further improve this process by including combustion of the remaining solids for heat generation. This scenario is evaluated for both NaOH and Ca(OH) 2 as alkali sources. The integrated process is presented in Fig. 4a and Fig. 4b . Here, KOH was not explicitly included as the protein extraction results of KOH are similar to the NaOH results. During pretreatment, enzymes with 24 million U activity and 20 m 3 water are added to 2000 kg GTR, and incubated at 30 °C for 3 h. In previous work 7 it was shown that incubation at 30 °C for 3 h was sufficient to yield more than 90% pectin. After filtration, 140 kg pectin, 220 kg glucose, 80 kg other sugars, and 80 kg polyphenols can be obtained together with 9 m 3 water in the liquid fraction, while about 1260 kg GTR press cake is used for subsequent protein extraction. In the protein-extraction P: press; UF: ultra-filtration.
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step, there is a difference between the scenarios using NaOH or Ca(OH) 2 . Using NaOH, the process design is similar to the single-step NaOH extraction. Based on these results (as also presented in Fig. 1 ) the final protein product is 720 kg, of which 460 kg is protein. For the scenario with Ca(OH) 2 a different process is used, which is illustrated in Fig. 4b . After separation of the protein, the remaining solids, including CaCO 3 and residual GTR, are sundried and combusted to CaO and CO 2 . The generated heat and CaO can be recycled to the protein extraction step. The CO 2 produced can be reused for either calcium precipitation or as a carbon source in greenhouses. The calcium ion recycling will improve the efficiency of chemical use. As already shown in Fig. 1 , the protein yields from extraction with Ca(OH) 2 are highly dependent on the composition of the biomass. For GTR, only 360 kg protein product containing 230 kg protein can be obtained. With micro-algae as feedstock, more than 70% of the proteins can be recovered. The effect of biomass choice is included in the evaluation. The mass flows of this process are listed in Tables A3a and A3b in the Appendix.
Summary of five scenarios
• Scenario 1: single-step NaOH (reference).
• Scenario 2: weak alkaline pectin extraction integrated with NaOH protein extraction. 
Economic calculations
The economics of processing one batch of GTR was evaluated for the five scenarios that are mentioned in the previous subsection. The economics of all scenarios were calculated in US dollar ($) per ton. For each of the scenarios the costs were calculated based on the prices and specifics of related subjects as listed in Table A4a in the Appendix, including investment costs of equipment, material costs for chemicals and enzymes, utility costs for electricity, and heat from coal, 23 other operational and waste treatment costs, and labor. The heating costs were calculated based on the price of coal and the combustion energy of coal. Combustion values are based on composition and reported heating values. 24 Other heat sources could also be used. The outputs and associated revenues are listed in Table A4 b of the Appendix. Each reactor requires one heating element, and their depreciation rates are both assumed at 10%. The costs of presses and ultrafiltration units are based on their capacities, 25, 26 also with 10% depreciation. The number of workers required is based on the number of unit operations required in each scenario and the number of unit operations one worker can handle. The results are listed in Table  A4c of the Appendix. The product amounts were calculated for each scenario based on the extraction and separation yields of protein, glucose, pectin, and the amount of lignocellulose that can be used for heating after combustion (see Appendix, Tables A1-A3 ). Currently, coal is the major energy source in China. We therefore consider that the utilities are produced from coal. Coal is a major cause of fossil-fuelrelated CO 2 emissions. The potential revenue of the generated heat is estimated by calculating the same amount of heat that can be produced by coal. In the best case, the heat consumption is balanced with the internal heat production. This is the case for single-step NaOH treatment (Scenario 1) as well as for Viscozyme-assisted Ca(OH) 2 extraction (Scenario 5). In the other scenarios the internal heat supply is not sufficient and additional heat is bought. Pectin can be used indirectly for food applications 27 and sugar can be used directly for the production of alcohols or organic acids by fermentation. 28 Further purification is needed for applying polyphenols as anti-oxidants in food.
Only the potential revenues of pectin, glucose and energy are included in the evaluation.
Environmental calculations
Environmental sustainability was assessed using a gateto-gate lifecycle analysis (LCA) in which the upstream impacts of the material and energy inputs of the GTR processing factory were included. The upstream impacts from tea farming and the tea lemonade company are excluded, as these are the same for all processing scenarios. In current practice, the GTR is a waste stream that is combusted at the tea lemonade company. These avoided combustion emissions are not accounted for in this work (i.e. the GTR input itself is free from emissions). The goal of the accounting LCA was to compare the environmental performance of the different processing scenarios. To ease comparison between the scenarios, the functional unit is 1 ton GTR from a tea lemonade company, with the geographical scope of China. In this study the system boundaries encompass the GTR entering the factory
(no upstream impacts allocated) and include processing until the production of the unrefined products (pectin, protein, glucose, amounts of waste, heating energy). The type and amount of products varies between the scenarios, i.e. a basket of products is produced. The impacts are therefore not allocated between the different products. The generated heating energy (75% efficiency) 29 is assumed to be consumed by other processes in the factory and is thus deduced from the required heat. The combustion of the process remainders leads to combustion emissions. It is unknown which combustion emissions are produced and in which quantities. These emissions are therefore excluded in the evaluation. To summarize, this work accounts for the fossil emissions and environmental impacts associated with processing and biogenic CO 2 were not discounted (i.e. these are set to zero). The detailed flow schemes, including the internal recycles of water, salts, heat, and biomass, are shown in the Appendix (Tables A1-A3 ). The evaluation is based on the processing scale of a commercial factory, for which the experimental data were projected using engineering rules (see Figs 2-4) . All input/output data are given in the Appendix. The lifecycle impact assessment was performed with SimaPro, Version 8.0.5.13 software (Pre Consultants, Amersfoort, the Netherlands) using the ReCiPe Midpoint (H) V1.09 / World Recipe H method and the EcoInvent 3.0 database. 30 Enzyme production impacts were derived from literature 31 and were adjusted to the ReCiPe characterization factors for the categories 'Climate Change,' 'Terrestrial acidification,' 'Freshwater eutrophication,' 'Photochemical oxidant formation,' and 'Fossil depletion. ' The LCA results are quantified in detail for the most relevant impact categories for China 32 and tea production, 33 i.e. climate change, ozone depletion, terrestrial acidification, eutrophication, photochemical oxidant formation, particulate matter formation, water depletion, natural land transformation, and fossil depletion.
Sustainability evaluation
The economics of the GTR biorefinery using single-step alkaline extraction with NaOH (Scenario 1) was compared to the scenario including pretreatment with weak alkaline and to pretreatment with Viscozyme ® L in previous work.
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The profit of single-step protein extraction was only $84/ ton GTR, and this had the lowest profit potential due to the relatively low product amounts and the large amount of salts generated. The environmental impacts for singlestep extraction with NaOH are summarized in Table 1 .
The impacts of the production of the NaOH and electricity used are responsible for more than 95% of total impacts in this scenario. Environmental sustainability can thus be improved by more efficient use of NaOH and electricity or by using clean electricity from sources other than coal.
In the evaluation below, we focus on comparing two scenarios for weak alkaline pretreatment integrated with protein extraction. A key point is the recycling of the large amounts of generated salts in the case of NaOH or the application of KOH salts as fertilizer. The integrated process designs with Viscozyme ® L pretreatments are discussed below. These lead to more products and possibly to a higher profit. A critical issue in those scenarios are the cost estimate for Viscozyme ® L, which requires further development of current Viscozyme ® L production. The present results should therefore be compared pairwiseby comparing the results of weak alkaline pretreatment scenarios (NaOH versus KOH), and by comparing the two scenarios with Viscozyme ® L pretreatment (NaOH versus Ca(OH) 2 ).
Economic sustainability
NaOH versus KOH (Scenario 2 versus Scenario 3)
As illustrated in Table 2 , the profits of both integrated processes are similar and are two times higher than using single-step protein extraction (Scenario 1). Using KOH, the costs of chemicals increased from 24 to 84 $/ton GTR due to the higher price of KOH. The ultrafiltration costs also increased due to the relatively large processing volume for the isolation of potassium salts from the pectin extract. The economic benefits in the KOH scenario are a result of the reduced cost for waste-water management and the increased revenue on fertilizer. Compared to NaOH, less than 10% of waste water is generated in the KOH scenario, and thus the costs for waste-water management reduces to only 0.4$/ton GTR. By using the potassium salts as fertilizer, an extra revenue of 55$/ton GTR is expected. 34 Overall, a similar profit is expected for both the KOH scenario and the NaOH scenario.
NaOH versus Ca(OH) 2 (Scenario 4 versus Scenario 5)
The processing scenario for Ca(OH) 2 has relatively low costs, as most calcium ions and water can be recycled and reused (Fig. 4b) . Generally, the total cost for processing 1 ton GTR using calcium hydroxide was $15/ton GTR less than the scenario using NaOH. A biomass boiler is needed in the Ca(OH) 2 scenario and expenses for capital and labor therefore increased. Heat cost in the Ca(OH) 2 scenario was slightly increased, due to the need for 178 kJ to convert 1 mol CaCO 3 into CaO and CO 2 . 35 The price of Ca(OH) 2 is only $70/ton (see Appendix, Table A4a ), and, with a recycling recovery of about 85%, the estimated chemical cost for Ca(OH) 2 protein extraction was only $2/ton GTR (Table 3) . After CO 2 treatment, the supernatant of the protein extract can be treated further by ultrafiltration to obtain protein product and about 8 m 3 water.
Approximately 7 m 3 water can be reused in the protein extraction step while 1 m 3 water can be reused in ultrafiltration. Because of the recycling, costs of water and wastewater management fees were both reduced. The revenues of these scenarios depend on the protein extraction efficiency, as the pretreatment step yields the same amount of pectin in both scenarios. The revenue is mainly determined by the total yield of protein because protein prices for feed are almost linearly related to the protein content regardless of its original sources. 36 Processing 1 ton GTR with NaOH produced 360 kg protein product with a protein content of 64%, whereas Ca(OH) 2 treatment produces 180 kg protein product with protein content of 64%. The lower protein yield when applying Ca(OH) 2 thus results in a lower total profit ($249/ton GTR) compared to the process with NaOH ($304/ton GTR). The profit of Ca(OH) 2 extraction (296$/ton) can be comparable to the process using NaOH only for protein yields higher than 70%. 
Environmental sustainability
NaOH versus KOH (Scenario 2 versus Scenario 3)
The weak alkaline pretreatments have more processing steps than the reference scenario of a single-step NaOH extraction (Scenario 1). As a result, electricity consumption is higher when this weak alkaline pectin extraction is applied. Despite the reduction in alkali requirement, this increases the environmental impacts (Appendix A5) compared to the single-step extraction ( Table 1 ). The normalized LCA results for the weak alkaline scenarios are shown in Fig. 5 . The results confirm that the replacement of NaOH by KOH in the integrated design indeed improves the environmental sustainability for all impact categories assessed. The reduced impacts are all a direct result of the alkali source. In this weak alkaline design, the other inputs such as water, electricity and heat are the same for NaOH and KOH protein extraction. The use of KOH also offers the potential to reduce the demand of commercial muriate of potassium. 34 This further improves the environmental sustainability (see Fig. 5 ) by avoiding conventional potassium fertilizer production from parent rock materials. 9 The results in Fig. 5 indicate the potential reduction in environmental impacts, provided that conventional potassium fertilizer is avoided.
Residual water with potassium is best used on nearby fields to avoid long-distance transportation. 37 Returning potassium-rich waste water to tea farms that are located in the mountains requires transportation (not accounted for in Fig. 5 ). Instead, residual water with potassium can be used in rice fields located near to tea factories. Moreover, rice fields have far larger requirements for potassium than tea farms. Finally, seasonality has to be taken into account. Production of protein product can be year round, while fertilization may only be needed at certain times, thus requiring storage and/or concentration of the waste water. Little is published on the environmental impacts of tea cultivation and processing. 33 The CO 2 equivalent emissions for tea cultivation and harvesting under Kenyan conditions are estimated around 0.111-0.133 kg CO 2 equivalent/kg fresh tea leaves. 38 For GTR, an impact of 185.6-222.7 kg CO 2 equivalent/ton GTR is thus expected. The climate change impact from processing GTR into protein and pectin is about three times higher (Appendix ,  Table A5 ). Cleaner electricity production can be applied to reduce this impact. Figure 5 . Normalized LCA results for weak alkaline pretreatment and protein extraction using NaOH (diamonds), KOH (squares), and KOH where the production of conventional K fertilizer is included (triangles). Results were normalized to the outcomes of weak alkaline pretreatment with NaOH extraction. The contribution analysis can be found in the Appendix.
The water consumption has been studied in detail.
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Based on those results a water depletion of 7187 m 3 /ton GTR can be expected under Chinese conditions. The water depletion for GTR processing is thus significant (Appendix , Table A5 ) but still less than for cultivation. Reducing the water depletion is not straightforward as it is a result of upstream cultivation practices, energy generation, and alkali production. The salty waste water from NaOH extraction is negligible in terms of water depletion (14.6 m 3 /ton GTR). More data is required to assess the impact of this waste stream on the environment.
Viscozyme ® L-assisted pectin extraction integrated processes (NaOH versus Ca(OH) 2 )
For the Viscozyme ® L scenarios, more processing steps are also needed compared to the reference scenario (Scenario 1). Overall, the electricity consumption is thus also higher. Despite the reduction in the alkali requirement, this increases the environmental impacts (Appendix , Table A6 ) compared to the single-step extraction ( Table 1 ). The increase in impacts is less than for the weak alkaline treatments. In the Viscozyme ® L scenarios the advantage of using Ca(OH) 2 instead of NaOH is that sufficient heat is produced for the process and there is no salty waste-water stream. In the normalized LCA results this leads to the improvement of some LCA impact categories, such as ozone depletion, eutrophication, toxicity, and land use (Fig. 6) . However, categories like fossil depletion, climate change, acidification, particulate matter formation, and water depletion are negatively affected. This is a result of the increased electricity consumption in the protein extraction step. The stakeholders involved will thus need to decide which impact categories are most important. Furthermore, cleaner electricity production can improve the environmental sustainability. The results are similar for the extraction with micro-algae, as the chemical and utility consumption was not affected. In these scenarios, too, the climate change impact is also higher than that of cultivation. Based on tea cultivation and harvesting under Kenyan conditions, for GTR, an impact of 185.6-222.7 kg CO 2 equivalent/ton GTR is expected. The climate-change impact from processing GTR into protein and pectin is about three to four times higher (Appendix, Table A5 ). The water depletion is similar to the scenarios with weak alkaline pretreatment, and again much lower than for cultivation (7187 m 3 /ton GTR 39, 40 ). Still, the extraction with NaOH results in an almost 25% lower water depletion compared to Ca(OH) 2 , while it produces 8.44 m 3 salty waste water/ton GTR.
This amount is negligible in terms of water depletion and Figure 6 . Normalized LCA results for Viscozyme ® L pretreatment and protein extraction using NaOH (diamonds) and Ca(OH) 2 . Results were normalized to the outcomes of Viscozyme pretreatment with NaOH extraction. The contribution analysis can be found in the Appendix. an important next step is to quantify the environmental impact of the salty water.
Discussion
Currently GTR is considered as waste at the tea lemonade company and is burned. In this work, this GTR is used as a resource to produce a variety of products in various processing scenarios. In the assessment the focus is on comparing the performance of the different options for processing the GTR into valuable products. Outside the system boundaries were tea farming and the processing of tea into tea lemonade, and the performance of the processing scenarios is not compared to the current practice of burning the tea residue. We have chosen not to discount for the combustion emissions of GTR (not for the biogenic CO 2 or for the fossil emissions of combustion), and the GTR therefore enters our factory without any emissions attached to it. The main reason for this is that we wanted to compare the performance of the different options for processing the GTR into valuable products, which are all on basis of processing 1 ton of GTR. Due to lack of data it was also not possible to compare the performance of our scenarios to the current situation of burning the GTR. Similar to the lack of data on combustion emissions for the GTR, the emissions from the combustion of the downstream residues within our factory could also not be quantified. These emissions would be mostly biogenic CO 2 , but NO x can also be generated. Because of these choices and data limitations, we have not accounted for the biogenic CO 2 in any way in the LCA and the climate change impact category is only affected by the process emissions. In general, the environmental impacts are mostly influenced by the process utilities (see Appendix, Figs A1-A4). The climate change impact is mostly a result of the electricity use. The fossil emissions caused by heat use are limited due to the heat production on site. In the scenario Viscozyme pretreatment with Ca(OH) 2 extraction the released (biogenic) CO 2 is used internally. We have not discounted for the alternative of using fossil CO 2 , not have we given credits for this recycling. One limitation of the current LCA is thus that the impact of generated combustion emissions of the residues is not included. However, similarly, the (avoided) combustion emissions of GTR at the tea lemonade company have also not been discounted, thereby avoiding artificial upgrading or greenwashing of the LCA results.
To assess the performance of the complete system from tea farming until GTR products it is necessary to: (1) expand the system boundaries so that they also account for the impacts of tea farming, tea lemonade production, and the application of potassium waste water as fertilizer, (2) quantify and include the combustion emissions, (3) complete the lifecycle inventory assessment of enzyme production.
Sustainability of environment / economics
The above analysis illustrates that more processing effort results in more products and that the increased demand of inputs results in a larger environmental impact. However, these additional processing efforts also change the economic performance. Figure 7 illustrates the relative sustainability performance of the five processing scenarios using a proxy. For each scenario the environmental performance of the basket of products produced is divided by the profit generated in that specific scenario. The results are expressed relative to the performance of the single-step NaOH scenario (Scenario 1). As shown, the single-step NaOH protein extraction has the relative highest sustainability proxy. This means that this scenario has the highest environmental impacts compared to the profit generated, which is due to the relatively low profit generated in this scenario.
For the four other scenarios, the proxy of the sustainability performance is at least 20% lower and up to 98% lower than for the single-step reference. According to Fig. 7 , using Viscozyme ® L in the pretreatment (Scenarios 4 and 5) results in an overall better proxy for sustainability compared to the scenarios using weak alkaline (Scenarios 2 and 3). Note that the comparison between the weak alkaline and Viscozyme scenarios should be done only for 'climate change,' 'terrestrial acidification,' 'freshwater eutrophication,' 'photochemical oxidant formation,' and 'fossil depletion' because the other impact categories were not quantified for the production of the enzyme itself. Using KOH (Scenario 3) to replace NaOH (Scenario 2) improves the proxy for all categories except for natural land transformation and ozone deletion, which are the same. A similar result may be expected when substituting NaOH with KOH in the Viscozyme ® L-aided pretreatments. For the scenarios with Viscozyme (Scenarios 4 and 5), the proxy results vary for the different categories. The natural land transformation has the best proxy for the Ca(OH) 2 related process (Scenario 5) due to the lower amount of chemical use. However, compared to the scenario using NaOH (Scenario 4), this scenario results in similar proxies (ozone depletion, freshwater and marine eutrophication), or higher ones (all other categories), which is due to the low overall profit resulting from the low protein extraction yield. This scenario can only be competitive when protein yield increases to at least 70%.
Each of the scenarios results in a different basket of products. It goes beyond the scope of this study to compare the environmental and economic sustainability of each of these products (from GTR) with the alternative production chains. For example, this study does not evaluate whether pectin from GTR is economically competitive with or more environmentally friendly than the current practice of producing pectin from citrus. A next step would be to perform such a product-orientated study, which requires expanding the system boundaries to include tea farming and adjusting the functional unit to make comparisons on a product basis.
Conclusion
Compared to single-step NaOH protein extraction (Scenario 1), integrated processes produce more products and higher profits. Waste salts from alkaline protein extraction can be either reused as fertilizer or recycled if KOH or Ca(OH) 2 are used instead of NaOH. As KOH has similar functionality to NaOH and can extract more than 90% protein from GTR, the profit of the KOH-aided protein extraction process (Scenario 3) is similar to that using NaOH (Scenario 2). The environmental sustainability improves for all impact categories in the case of KOH extraction.
The use of Ca(OH) 2 results in a relatively low protein yield in GTR protein extraction, which reduces its profit. Although Ca(OH) 2 (Scenario 5) can be recycled, reducing the impact of natural land transformation, its relatively environmental impacts are therefore generally higher than those using NaOH (Scenario 4). Applying the Ca(OH) 2 scenario to biomass without lignin can lead to protein extraction yields above 70%. This is beneficial for both economic and environmental impacts.
To conclude, the application of KOH or Ca(OH) 2 for protein extraction enables commercialization of yet untapped protein resources, which can be economically attractive. The environmental impacts are mostly caused by the utilities. The environmental benefits are the avoided waste and pollution.
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